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Terahertz (THz) waves, a range of electromagnetic wave with frequency 0.1 to 10 
THz, have great potential in wide range of applications, such as spectroscopy, safety 
surveillance, cancer diagnosis, imaging, and communication. Key THz components, such 
as phase shifters and modulators/reflectors, are important for THz wave manipulations.  
In this thesis, the unique properties of graphene are utilized to improve the 
performances of THz devices. In the graphene and liquid crystal based THz phase shifters, 
graphene plays the role as transparent electrodes which provide a high electrical 
conductivity for the control of the liquid crystals; meanwhile the high transmittance of 
graphene for broadband THz waves enables a new design for the phase shifters, resulting in 
compact size and low voltage operation. In the THz modulators/reflectors, graphene not 
only functions as transparent electrodes, but also controls the THz propagation by tuning its 
Fermi level. The high carrier mobilities of electrons and holes, together with the conical 
band structure of graphene enable the possibility of the proposed devices. Furthermore, the 
utilization of ionic liquid enhances the electrical tuning effect significantly which is the key 
of low voltage control for THz manipulation. Up to 99% modulation depth is achieved 
from the THz modulators, while up to 33.4% THz reflectance is experimentally 
demonstrated from gated monolayer graphene in our THz reflectors. All these THz devices 
show exceptional merits over their predecessors and it is foreseeable that the graphene 
based THz devices will contribute to the applications of THz waves in the near future.   
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Chapter 1:Terahertz technologies 
1.1 Introduction to terahertz waves 
With the development of modern technology, most of the frequency ranges of 
electromagnetic (EM) waves have been intensively studied with a broad range of 
applications. However, the study and applications of terahertz (THz) waves which covers 
the range from 0.1 THz to 10 THz are lagged.
1, 2
 As presented in Figure 1-1, on the left side 
of THz range, the kilohertz and megahertz frequency range is widely used in radio 
communication and nondestructive medical imaging, while gigahertz waves contribute to 
our daily life for wireless data transfer. At the other side of the scale bar, the EM waves 
have shorter wavelengths. The importance of petahertz (including invisible light range) is 
obvious, which is the natural visible range for human and other animals. X-ray and γ-ray 
with even shorter wavelengths (less than 100 nm) play an important role for medical 
imaging, surgeries and material composition and structure analysis.
3, 4, 5
 The research at the 
THz frequency range started quite late (after 1980s), however, the importance of this 
“missing” band attracts much attention from many disciplines.  
The wavelength of THz waves spans from 0.03 to 3 mm, and this indicates that THz 
waves have a higher penetration depth than visible and NIR lights with a  better spatial 
resolution than microwaves in imaging.
5
 The photon energy of THz waves ranges from 0.4 
to 40 meV, and its low photon energy is equivalent to the low frequency bond vibrations, 
and makes it damage-free to biomolecules.
5
 Unlike the photons at the visible and NIR 
ranges which generally excite interband transitions in matters, THz photons are more 
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correlated to intraband transitions.
6
 Interestingly, many large molecules have strong 









1.2 Development of THz wave generation and detection  
There are substantial developments for THz technologies over the past few decades. 
In this section, an overview of THz wave generation and detection will be presented. 
Several THz time domain spectroscopy (TDS) systems with different THz generation and 
detection methods will be introduced in chapter 3.  
In term of THz sources, up to the present, the mainstream methods for pulse THz 
wave generation are highly depended on femtosecond lasers which cost is not trivial. Even 
though there are some low cost methods, for instance, lighting a Hg lamp
7
 or peeling 
adhesive tapes
8
, the generated THz wave from these methods is weak and unstable. With 
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ultrafast lasers, the pulse THz emitters are intensively studied. Back to 1971, A THz signal 
is generated from laser pumped LiNbO3 before this frequency band range is named as 
“THz light”.9  Later, THz emission is observed from a wide range of electro-optic (EO) 






 and so on. The first pulse THz wave emission 
from a GaAs photoconductive antenna (PCA) was demonstrated in 1981,
13
 similarly, the 
emission was excited by a sub-picosecond laser. In the following decades, the performance 
of PCAs has been improved remarkably for THz emission. The first THz-TDS system 
based on PCAs was built in 1989,
14
 and this classic configuration is still widely applied 
today. Much higher power THz pulse generation is proposed to be available from pulse 
front tilt in LiNbO3 crystals
15
 in 2002 and THz waves with beyond megavolt per centimeter 
strength had been reported in the following decade.
16, 17, 18, 19
  Soon after the realization of 
single spot measurement, THz imaging was realized and improved substantially.
20, 21
  
Other than the pulse THz light, continuous wave (CW) THz wave was generated 
from photomixing techniques
22
 and much higher power CW THz wave is generated from 
quantum cascade lasers.
23, 24
 In 2006, more than 130 mW THz powers have been generated 
from a cascade laser at 117 K,
25




Previously, the coherent THz waves were detected by far infrared Michelson 
interferometers, Fabry-Perot interferometers or microwave detectors.
9
 Afterward, PCAs 
and EO crystals
27, 28, 29, 30
 which were applied for THz generation were also used for THz 
wave detection. After more than two decades development, the signal to noise ratio (SNR) 
for PCAs have been improved to 90 dB
31





 The incoherent THz waves are generally detected by thermal detectors, 
including a hot electron bolometer, Golay cell, and pyroelectric detectors.  
1.3 Applications of THz technologies   
Much effort has been paid to THz technologies because of the great potentials of 
applications in different disciplines. In this section, some important applications of THz 
waves, including chemical composition analysis, spintronics characterization, integrated 
circuits failure analysis, and cancer diagnose will be introduced.  
As mentioned earlier, many chemical bonds intrinsically absorb THz photons with 
certain energy. This feature is considered as the fingerprints of the materials, and 
consequently grants THz wave the capability of chemical composition analysis.
4
  Figure 1-
2 shows the THz absorption data for several common drugs-of-abuse.
32
 The samples are 
mixed with PTFE by weight (cocaine free base (100%), cocaine hydrochloride (12.5%), 
MDMA (20%), ephedrine hydrochloride (12.5 %), DL-amphetamine sulfate (25%), heroin 
(23%) and morphine sulfate pentahydrate (25%)) and further compressed into pills for the 
THz characterization. Intrinsic absorption peaks are observed for some of these drugs. 
Similar to explosives, most of them, such as MetABEL, Semtex and Primasheet, have 
fingerprints at the THz frequency range. These fingerprints help to identify these drug-of 
abuse or explosives.
32
 Due to the high transmittance of THz waves for papers, plastics, and 
dry woods, these drugs-of-abuse and explosives can be detected even when they are 
wrapped in various types of packages. The capability of analyzing chemical components in 
a non-contact and noninvasive approach is attractive for many applications, including 










Recently, THz waves are also applied for fundamental characterization in spintronics 
studies.
33
 THz photons have low photon energies which are very sensitive to the 
conductance of materials. In Figure 1-3(a), THz light shines through a giant 
magnetoresistance (GMR) structre with an in-plane external magnetic field. When the 
magnetic field increases, the magnetization direction of the ferromagnetic films changes 
from antiparalell to parallel direction gradually, which resultes in the decrease of the 
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magnetoresistance and the increase of the film conductance. During this process, the 
transmitted THz signal decreases accordingly (Figure 1-3(b)). This phenomenon could be 
fully explained by the Drude model and matched well with traditional electrical 
measurements, but with a higher accuracy due to the low perturbation. Based on the same 
scenario, THz waves have been widely used in material conductivity characterizations, 




Figure 1-3. THz wave for spintronics characterization in a GMR structure. 
(a) Diagram of the THz transmission measurement through a GMR device. 
(b) THz signal changed with respect to the external field. The inset showed a 





Cancer is one of the most dangerous threats to human heath, and cancer diagnosis is a 
very important but challenging issue in biology and medicine studies. THz imaging has 
been applied to cancer diagnose for many different types of tumors.
36, 37, 38
 Figure 1-4 
shows an example of THz study on human lung samples. The samples were made by 10 
μm thick tissue slices on a quartz substrate and measured under a reflection scheme.  
Figures 1-4(a) and (b) are the tissue imaged by the visible light and THz wave, respectively. 
In Figure 1-4(b), two healthy areas are in green and blue colors, while the yellow colour 
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region has the atelectatic lung parenchyma which is affected by the cancer areas. The tumor 
area is classified into three portions, shown in yellow, red, and magenta seperately. In the 
yellow region, there are massive lymphocytic infiltrations. The magenta area has tumer cell 
necrosis and the red areas are considered as intermediate which is difficult to be identified 
by visible light. Figures 1-4(c) and (d) are the zoomed views of the regions marked in (a), 
corresponding to the yellow and magenta parts, respectively. From Figures 1-4(c) and (d), 
the cancer information is also observed with visible light at a high magnification, which 
confirms the cancer diagnose conclusion made by the THz analysis. The result proves that 





Figure 1-4. (a) Optical image of the hematoxylin-eosin-stained lung sample. 
(b) THz image with respect to the visible image at the left side. (c). (d) 






As mentioned earlier, the transmittance of THz wave is correlated to the conductivity 
of media. Silicon wafers and many other materials which are not transparent at visible and 
NIR ranges are tranparent at the THz frequency range. This property enables the capability 
of THz waves in inspecting faults of the integrate circuits through the packages. Figure 1-
5(a) shows THz TDS results for the chip from a single point and Figure 1-5(b) is the 
corresponding spectrum for the signal in (a), which is obtained by fast Fourier 
transformation (FFT). By scanning the chip point by point, the circuit in a package can be 
recontructed accordingly (Figure 1-5(c)). This noninvasive and nondestructive method is 
extremely important for chip faulty analysis, and the acquired image can help to improve 




Figure 1-5. (a) TDS data from a LSI 8-bit microprocessor chip. (b) 
Corresponding FFT result for the TDS data. (c) THz image of the chip 






1.4 Review of THz phase shifters and modulators 





, and reflectors are important when the wave manipulations 
are required.  In this part, a brief review will be provided for the development of THz phase 
shifters and intensity modulators, especially the focus will be on the devices invented 
before the discovery of graphene.    
THz phase shifters are basic components for the manipulation of THz waves which 
have been studied intensively. With the development of THz technologies, THz phase 
shifters have been increasingly important for a wide range of applications. Some phase 
shift devices have been demonstrated based on optically or electrically controlled carrier 
concentration in quantum well structure,
42
 however, these devices are only functional at 
low temperatures,
43
 which limits their applications. Then the attentions were shifted to 
liquid crystal based structures,
44
 which have been widely used in visible and NIR 
ranges.
45, 46
 In liquid crystals, the phase shift can be induced by tuning their effective 
refractive index due to the fact that the birefringence of liquid crystals is decent in THz 
frequency range.
47
  These findings paved the way for liquid crystal based THz phase 
shifters.
41, 48, 49, 50
 Nevertheless, the operation of the reported liquid crystal based THz phase 
shifters requires either a high control voltage
48, 49, 50
 or bulky external magnetic field.
41
 
These drawbacks of existing devices motivated us to work on new THz phase shifters 
which will be presented in chapter 4.  
Other than the THz phase shifters, THz modulators are another type of important 
components for THz applications. Basically, the THz modulators are devices which are 
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used to control the electrical field strength or power of THz waves, either in a 
transmission
6, 43, 51, 52
 or a reflection
53
 configuration. Here we focus on the devices which 
are continuously tunable for the manipulation of broadband THz signals.  
For electrically controllable THz modulators, the devices are mostly driven by the 
electrical tuning of two-dimensional electron gas at the interface of heterojunctions.
43, 54
 In 
VO2 based devices, the modulation is attributed to the temperature dependent phase 
transition.
55





. The operation principle of the all optical modulators is that the 
laser pulse with a high peak power excites transient hot electrons in the semiconductors, 
resulting in a high conductivity and low THz transmission temporarily. Using this strategy, 
a high modulation up to 60% was realized in GaAs/AlAs structures.
59
 Later, spatially 
resolved THz modulators are also demonstrated via optical pumping on Si.
60, 61
 
There are many advantages of these semiconductor based THz modulators. First of 
all, the modulation could be in an ultrafast regime (depending on the carrier relaxation time 
in the devices), for instance, picoseconds response time for low temperature grown GaAs 
and Er doped GaAs. The second advantage is broadband operations, as the operating range 
of these modulators covers the whole THz spectrum. Finally, these semiconductor based 
devices are easy to be integrated into existing devices. Nevertheless, the drawbacks of these 
devices are not negligible. The high insertion losses of these devices are due to the 
conductivity of semiconductors. Furthermore, the modulation depth is limited by the low 
carrier mobilities in semiconductors.   
In addition to the transmission type THz modulators, the tunable THz reflectors are 
missing in the field. A reflective THz modulator was reported recently,
53
 however the 
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device actually works in a transmission scheme and the THz wave is reflected back by a 
flat metal mirror surface. The design and fabrication of tunable reflectors for THz wave are 
difficult because a very large tuning range in the conductivity is required which is beyond 
the capability of conventional semiconductor materials. Fortunately, the tunable sheet 
conductivity of graphene is qualified for such a tunable THz reflector. This will be further 
elaborated in chapter 6.  
1.5 Summary  
In this chapter, the physical information of THz wave is introduced, and the history 
of THz wave generation and detection is reviewed. Taking advantage of the properties of 
THz wave, many applications have been developed, including chemical composition 
analysis, material conductivity probing, cancer diagnosis, and chip faulty inspections. 
Advanced THz control is important for specialized THz applications. Here we reviewed the 
reports for a wide range of THz phase shifters and modulators. It is found that the 
semiconductors based THz phase shifters are limited by the low operation temperature 
which reduces their usage in THz systems, and the volume or control voltage is a potential 
problem for liquid crystals based phase shifters. In terms of THz modulators, most of them 
are operated by controlling the carrier concentrations in semiconductors. The drawbacks of 
these modulators are the high insertion loss and low modulation depth.  
Aiming to solve the problems in the THz phase shifters and modulators, we have 
tried to utilize a new material – graphene into these devices in this research. An in-depth 
review of graphene will be carried out in the following chapter. Understanding the 
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Chapter 2:Introduction for graphene 
2.1 Discovery of graphene  
Graphene is a flat monolayer of carbon atoms tightly packed into a two dimensional 
honeycomb lattice, and it is a basic building block for graphitic materials of all other 
dimensions. It can be used to build 0 dimensional fullerenes, 1 dimensional nanotubes, and 
3 dimensional graphite (see Figure 2-1).
62
 Graphene has been intensively studied since 




Figure 2-1. Graphitic materials in various forms, graphene is a 2D building 






However, graphene is not a new material. It naturally occurs in graphite and has been 
used unconsciously for hundreds of years since pencils were invented. Furthermore, it has 
been intensely researched for many decades. 70 years ago, scientist suggested that strictly 
2D crystals were thermodynamically unstable and their existence should be practical 
impossible, especially in the ambient condition.
62
 This conclusion was based on the 
assumption that the melting temperature of thin films decreases as their thicknesses 
decrease.
64, 65
 Consequently, research on such two dimensional mono-layer structures was 
not highlighted. Only in 2004, scientists in University of Manchester experimentally 
verified that a stable form of graphene films can be fabricated in the ambient condition.
66
  
Later, graphene was recognized for its excellent mechanical strength,
67
 chemical stability, 
and high electrical carriers mobilities due to the linear dispersion band (to significantly 
reduce back scattering) and the large phonon energy.
68
  
2.2 Electrical and optical properties 
Graphene has very attractive electrical and optical properties. In graphene, charge 
carriers can travel thousands of interatomic distances without scattering 
63, 66, 69, 70
, resulting 
in its high carrier mobility, up to 15,000cm
2
/V·s at 300 K and 60,000 cm
2
/V·s at 4 K 
63
. Its 
conductivity increases linearly with increasing the gate voltage for both polarities, and the 
Hall effect changes sign due to ambipolar properties.  
In terms of optical properties, graphene is an attractive material for optoelectronic 
devices. The high optical transmittance of graphene, together with its low resistivity, high 
chemical stability, and good mechanical strength make it an outstanding transparent 
conductor.
71
 Compared to the traditional transparent conductors, graphene is applicable for 
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a large bandwidth including ultraviolet, visible, and near/mid/far infrared ranges. 
Particularly, the absorption spectrum of graphene is more uniform than its competitors, for 
instance, indium tin oxide (ITO) and In2O3:Sn
72
 at visible and NIR ranges. Furthermore, 
graphene is an exceptional choice as transparent electrodes at the THz frequency band.  
Due to the carrier scattering time in graphene is at the level of tens of femtoseconds to 
hundreds of femtoseconds which corresponding to several THz to tens of THz, thus the 
THz optical conductivity is equivalent to the electrical conductivity of graphene. 
Consequently, the optical properties of graphene are tunable by manipulating its electrical 
conductivity.
6, 73
   
2.3 Graphene fabrication 
Since the discovery of graphene, micromechanical cleavage of bulk graphite is an 
important method for high quality graphene films.
62
 This approach is easy and possible to 
provide graphene crystallites with high quality up to 100 μm in size,69 However, the 
drawbacks are also obvious, for instance, the shape and size of created films are 
uncontrollable.  
The preparation of large area graphene films usually starts with graphitic layers 
grown on top of other crystals.
74
 During the growth process, epitaxial layers remain bonded 
to the underlying substrate and the bond-breaking fluctuations are suppressed. After the 
epitaxial structure is cooled down, the substrate can be removed by chemical etching. 
Technically, this is similar to the fabrication of SiN membranes, however the survival of 
the one-atom-thick crystal was deemed impossible until the recent attempt on graphene. 
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CVD has been developed for graphene fabrication, soon after the discovery of 











, are studied as catalysts for the CVD process. Especially, the excellent performance of 
CVD graphene has been reported with growth on copper foils.
81
 The sheet resistivity was 
reported to be as low as ~125 Ω/square and the transmittance at VIS and NIR ranges is as 
high as 97.4%. Together with the large scale fabrication of these films, CVD graphene is 
very useful for modern graphene research works.  
Figure 2-2 shows the process of fabricating a graphene based flexible touch screen 
which is a great example to exert graphene’s potential in electronics.81 Firstly, monolayer 
graphene is grown on copper foils with the CVD method (Figure 2-2(a)), and then the 
graphene film is transferred onto transparent PET films by annealing procedure (Figure 2-
2(b)). A large area graphene film with size larger than 30 inch is shown in Figure 2-2(c). 
Afterward, electrodes are printed onto the graphene films (Figure 2-2(d)). A ready touch 
panel is in Figure 2-2(e), which is intentionally bent to show the exceptional flexibility of 
the device. Finally, the device is implemented into an electronic device and functioning as a 
touch screen. In practical devices, rather than single monolayer graphene, stacked 
multilayer graphene stacked by monolayer graphene films is utilized to balance the optical 
transmittance, mechanical strength, electrical conductivity, and device yield rate. 
In this thesis, CVD graphene is employed in all the devices for many reasons. First of 
all, CVD graphene films have good electrical and optical properties. Secondly, since the 
spot size of the THz wave is generally larger than 3 mm, therefore the graphene films are 
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required to be in large size. Lastly, the layer number and film quality are better controllable 
in comparison to exfoliated graphene flakes. With all concerns above, CVD graphene is 
one of the limited choices to fabricate such large film sizes for THz devices. 
 
Figure 2-2. Manufacturing processes for a graphene based touch screen 
panel. (a) Large scale graphene grown on copper foils by CVD method. (b) 
Graphene transfer to a flexible substrate. (c) Graphene on PET film with scale 
larger than 30 inch. (d) Electrodes are printed on graphene. (e) A photo of a 







2.4 Graphene characterization 
To utilize graphene in devices, it is critical to identify graphene and examine its 
attributes. If there was no simple and effective way to identify graphene, this one atomic 
layer thick material would probably remain undiscovered.
62
 Although atomic force 
microscopy (AFM) measurement is the most direct way to identify the number of layers of 
graphene, this method has a very slow throughput and may also cause damage to the crystal 
lattice during measurements. Furthermore, there may be an instrumental offset of 0.5 nm in 
AFM (caused by different interaction forces) which is even larger than the thickness of a 
monolayer graphene. This side-effect is an obstacle to extract the true thickness of 
graphene sheets.
82
 Scanning electron microscopy (SEM) is not suitable for graphene 
imaging either because of the absence of clear signatures for the atomic layer numbers.
83
 
There is a decent contrast for thin layer of graphene under an optical microscope, if 
the samples are placed on top of a Si wafer with a carefully chosen thickness of SiO2, 
owing to a feeble interference-like contrast with respect to an empty wafer.
84
 Indeed, even 
knowing the exact recipe,
69
 it requires special care and perseverance to find graphene. For 
example, only a 5% difference in the SiO2 thickness (315 nm instead of the current 
standard of 300 nm) can make the observation of a single-layer graphene flake difficult 
under an optical microscope. Careful selection of the initial graphitic material with a large 
grain size, and the use of freshly cleaved and cleaned surfaces of graphite are also 
important  for successful graphene exfoliation.
62
  
Raman spectroscopy has been used to characterize the quality of graphene films, and 
it is also used for nondestructive inspection of the thickness of graphene.
82, 85, 86
 As shown 
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in Figure 2-3, a 514.5 nm laser is used to excite Raman scattering from graphene films with 
different numbers of layers. As the layer number increases, the 2D peak broadens clearly, 
and the amplitude ratio between the G peak and 2D peaks increases significantly. This 




Figure 2-3. Graphene films with different layer numbers are supporeted by 
Si/SiO2 wafers and HOPG. The Raman scattering measurement shows strong 
signals which are named as the G (1587 cm
-1
) band and 2
nd







However, the differences between two layers and a few layers of graphene sheets are 
not obvious and unambiguous in Raman spectra. For further identifying the layer numbers, 
a direct method for efficient and accurate inspection of the graphene sheet using a contrast 
spectrum was reported.
83
 The contrast between the graphene layers and the SiO2/Si 
substrate, which makes the graphene visible, was generated from a reflection spectrum 
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using a normal white light source. A clear contrast difference for graphene sheets from one 
to ten layers can be observed; images (a – f) in Figure 2-4 are the films with layer number 
more than 10. Calculations based on Fresnel equations show excellent agreement with the 
experimental data. The contrast image provides an efficient and convincing method to 









2.5 Summary and scope of this thesis 
The discovery of graphene has been recognized as one of the most important 
achievements in recent years, and a Nobel Prize is awarded to Andre Geim and Konstantin 
Novoselov in 2010 for their “ground breaking experiments regarding the two-dimensional 
material graphene”.87 During the past decade, the excellent electrical, optical, and 
mechanical properties of graphene have been intensively studied. The achievement in 
graphene fabrication is also remarkable. From small exfoliated graphene flakes to large size 
21 
 
roll-to-roll production of high quality films. Various techniques were developed to identify 
graphene and inspect graphene qualities. 
Based on these achievements in the development of graphene, utilizing graphene in 
THz devices becomes practical. As discussed in the first chapter, the reported THz phase 
shifters, especially those controlled by voltages, have good performances, but the required 
control voltage is high due to the large separation of the electrodes. Graphene has good 
electrical conductivities and high THz transmittance at the THz band, which makes 
graphene suitable as transparent electrodes at the THz frequency range. We are motivated 
to incorporate graphene into these THz phase shifters to improve the device performance. 
In terms of THz modulators, the main obstacle of semiconductor based THz modulators is 
the low modulation depth and high insertion loss. Utilizing the tunable conductivity of 
graphene, THz modulators with a high modulation depth and low insertion loss may be 
possible. Driven by this idea, we have carried out the study on manipulating THz wave by 
gating graphene. Distinguished from previous work, an ionic liquid in the sandwiched 
structure is used to create a high gating efficiency, which maximizes the modulation depth 
and reduces the control voltage.  
Details of our studies will be presented in chapters 4, 5, and 6. Before discussing 
these studies, the experimental techniques and device fabrication processes will be 




Chapter 3:THz system study and device fabrications 
General experimental techniques will be introduced in this chapter. The chapter 
contains the main efforts in building up suitable THz systems for the device studies and the 
device fabrication techniques which are similar for most of the devices in this thesis.   
3.1 THz system construction 
Continuous wave and pulse wave THz systems are the two main types of THz 
equipment. The brief history for the THz sources and detectors has been presented in 
chapter 1. In this thesis, the pulse THz system will be utilized for device characterization, 
so that the following discussion will focus on the THz-TDS system. This chapter will start 
from the basics of ultrafast lasers and stroboscopic techniques. Afterward, several typical 
THz-TDS systems which are a potential candidate for the device study in this thesis will be 
introduced. Finally, this part concludes with a comparison among different types of THz-
TDS system.  
3.1.1 Basics of ultrafast pump-probe systems 
Since the first Ti:sapphire laser was built in Lincoln Laboratory in 1982,
88, 89
 these 
ultrafast pulse lasers have been substantially developed for the past few decades. Taking 
advantage of the ultrashort laser pulses, the optical characterizations reached an ever high 
peak power and temporal resolution. 
In this thesis, all the THz sources are excited by Ti:sapphire based ultrafast lasers. 





 The pulse energy of the high repetition rate laser is a few nanojoules, and it is 
necessarily focused onto the THz emission devices, such as dipole antennas, for a high 
power density. For the low speed systems, the laser output has 1 kHz repetition rate, but 
with a much higher pulse energy (up to a few millijoules). The high pulse energy is 
attributed to the regenerative amplifiers. To elaborate, the fs-pulse from the Ti:sapphire 
oscillator is chirped optically to reduce the pulse peak power. Then selected laser pulses are 
sent to the laser cavity in the amplifier which has the second pumped Ti:sapphire crystal. 
After hundreds of cycles in the cavity, each pulse power increases from nanojoules to 
millijoules level. At the last step, the high power pulses are compressed by an optical 
compressor, and delivered with high pulse energy and low repetition rates.
5
 
In a typical optical pump – probe setup (as shown in Figure 3-1), the ultrafast beam is 
separated in to a pump beam and a probe beam by a beam splitter. The sample is excited by 
each pump pulse, and the laser pulse induced dynamics last for hundreds of femtoseconds 
to nanoseconds. The dynamics induced by each optical pump is highly repeatable, and the 
probe pulse comes with a well-defined time delay referring to the pump beam. An optical 
delay line controls the optical path difference of these two beams. When the probe beam 
travels 1 μm more than the pump beam, according to the speed of light in air, 
approximately 3.33 fs time delay is generated. Such a high temporal resolution is indeed 






Figure 3-1. Diagram for a basic pump probe setup.  
 
3.1.2 Different types of THz TDS systems 
Time domain spectroscopy systems with different types of THz sources and detectors 
are all based on the same stroboscopic architecture. However, the structure and the 
specification of each pump-probe system can be different. Here the experimental results 
from some different types of systems will be illustrated, including a PCA based system, a 
two-color air plasma based system, and ZnTe crystal/magnetic films based systems.    
PCA based THz system 
The diagram of a THz PCA emitter is shown in Figure 3-2. Two dipoles are 
fabricated on semiconductor wafers and separated by a small gap (5 μm in this study). An 
AC or DC voltage source is applied to the dipoles. Due to the high resistance of 
semiconductor antennas, typically a few mega ohms and above, the current through the 
channel is very low. When the femtosecond laser pulse is focused in between the channel, a 
large amount of free electrons are excited in a short time and accelerated by the bias 
voltage. Such a dynamic process at picosecond timescale radiates THz waves into the free 
space.
3
 The side view shows that a focusing lens is placed after the antenna chips, which 
collimates the THz wave to the designed direction. The PCA detector has a very similar 
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structure to the emitter, but the bias voltage is replaced by current sensing devices to detect 
the THz wave induced photocurrent.  
 





The structure diagram of a PCA based THz system is shown in Figure 3-3. Two 15 
mW, 800 nm, 120 fs, 80 MHz laser beams are utilized to excite the emitter and detector.  
After the THz pulse being collimated by the silicon lens on the emitter, it is focused and re-
collimated by a pair of off-axis parabolic reflectors, and reaching to the PCA based 
detector. Meanwhile, the detection beam travels through a delay line and incidents onto the 
same detection PCA. The THz pulse induced photocurrent is proportional to the THz 




Figure 3-3. Schematic diagram of the PCAs based THz system. 
 
By scanning the optical path difference between the detection and THz generation 
beams, the THz pulse profile in time domain can be constructed, as shown in Figure 3-4(a). 
To access the frequency domain information, FFT is applied to the time domain results. 
The typical reference data (without samples) are shown in Figure 3-4(b). It can be seen that 
the THz spectra cover the range from 0.1 to 4.5 THz. 
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Figure 3-4. THz signal acquired from our system with PCA emitter and 
receiver. (a) THz E-field strength in time domain. (b) THz E-field strength in 
frequency domain.  
 
Due to the high repetition rate of the laser source, high speed data acquisition is 
possible in this system. The scanner (optical delay line) is operated at a high speed (30 Hz) 
to finish a single scan in tens of milliseconds. The generated THz waves are averaged for 
100 or 200 readings obtaining a high SNR ratio of up to 73 dB. Generally, the THz beam 




Two-color air plasma based THz system 
Two-color mixing air plasma has been intensely studied since it was initially 
proposed in 2000.
92
 It is considered as one of the most optimum solutions for THz emission 
with high frequency bandwidth, as well as high peak intensity. The schematic diagram of 
two-color photoionization is shown in Figure 3-5, the basic idea is to focus the 
femtosecond laser pulse at a high power density, which is able to generate ionized air 
plasma. However, the single color laser beam (800 nm) induced plasma cannot by itself 
generate THz radiation efficiently. The solution is to install a beta barium borate (BBO) 
crystal (a cryatsl with high second harmonic generation) between the focus lens and the 
plasma point. The BBO converts a part of the pump beam (ω) into its second harmonic (2ω) 
and forming two-color mixed plasma. In two color mixing schematic, the asymmetric 
electrical field induced by the superposition of the two colour beams accelerates the ionized 
electrons, resulting in transient charge current enhancement and strong THz emission.
93, 94
  
The THz generation is a third order nonlinear optical process, thus ultrashort laser pulses 
are required for strong field THz signal.  
 






The schematic diagram of a two-color mixing air plasma based THz system is shown 
in Figure 3-6. In comparison to PCA based systems, two-color mixing air plasma requires 
much higher laser specification for THz generation. Generally, a laser pulse with milli-
joules of power and sub 50 fs duration is utilized. A laser source with a regenerative 
amplifier and a short pulse oscillator is used in our system, and the laser pulse is 
compressed carefully for THz generation and detection.
96
 In this system, air plasma is also 
used for THz detection. To elaborate, when the focused THz beam is collimated with the 
focused probe beam (800 nm), and if a bias electric field is applied through the focal point 
of the detection beam, the second harmonic of the probe beam will be greatly enhanced, 
which is proportional to the E-field strength of the THz signal at a programmed delay time. 
By referring to the frequency of the bias electric field, the THz signal is able to be acquired 
by a lock-in amplifier for a high SNR.   
 





Figure 3-7 presents the reference data from the system in Figure 3-6. The time 
domain pulse shows a very fast process (less than 200 fs), while the frequency domain 
curve shows signals from 0.3 to 23 THz which is even beyond the upper limit of the THz 
range from 0.1 to 10 THz. However, the SNR is limited to 53 dB at ~ 2 THz, which is not 
as decent as a PCA based system. Other than the low sensitivity of the air plasma detection, 
the poor stability of our amplified laser should be also responsible for the low SNR.  









































Figure 3-7. THz signal from our in-house built air plasma system in (a) time 
domain and (b) frequency domain. 
 
Practically, the maintenance for the air plasma system is much more complicated 
than the PCA based system due to the low stability of our high specification laser 
(ultrashort pulse and ultrahigh power). However, when broadband THz spectrum is desired 
or an optical pump - THz probe configuration is required for nonlinear effect studies, the 
two-color mixing air plasma system is a good choice.  
EO crystal based THz systems      
Other than the PCA and two-color mixing air plasma based THz systems, EO-crystal 
is another popular candidate for building up THz-TDS systems. A wide range of crystals, 
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such as GaAs, ZnTe, GaP, and GaSe, are studied in the community.
97, 98
 THz generation 
from EO crystals is induced by optical rectifications, which is described by the nonlinear 
susceptibility, and the THz detection is based on the Pockels effect in these crystals.
3
 The 
systems construction with different EO crystals are similar, therefore only ZnTe based 
system will be discussed as an example.   
The schematic diagram of a ZnTe based THz system is shown in Figure 3-8. Here we 
used a 100 fs, 270 mW oscillator and the laser pulse is amplified by a regenerative 
amplifier. The output laser has 1 kHz repetition rate and millijoule level power. The pump 
laser shines onto the ZnTe crystal (500 μm thick with <110> crystalline) and generates 
THz wave by optical rectification. After two parabolic mirrors, the THz wave is focused 
onto the other ZnTe crystal with the detection beam for signal detection. The detection 
module is different from the PCA and air plasma based systems. To elaborate, due to the 
Pockels effect, the THz wave induces birefringence in the ZnTe crystal, and this 
birefringence changes the polarization of the probe beam when it passes through the crystal. 
After the detection crystal, the probe is manipulated by a quarter waveplate, and the beam 
polarization changes from linear to circular. Later, a Wollastion prism separates the P- and 
S-components of the beam and distributes the beams to a balanced photodetctor module. 
Any polarization change induced by the THz wave results in an imbalance between the S- 
and P-polarized probe beams. By scanning the optical delayline, the time domain 




Figure 3-8. Schematic diagram of the configuration of a typical electro-optic 
crystal based THz system.  
 
A typical TDS curve is shown in Figure 3-9(a), and the corresponding frequency 
domain results is obtained by FFT (Figure 3-9(b)). In this case, the SNR reached 64.5 dB at 
0.5 THz and the spectrum covered the range from 0.1 to 3.4 THz.  














































Figure 3-9. THz signal from a home-made THz system with diagram shown 





Magnetic heterojunction based THz systems 
Other than these three typical THz systems, magnetic heterojunctions are also used 
for THz generation.
99
 The generation mechanism is driven by the inverse spin orbital 
coupling induced transient charge currents in the films. The experimental setup is similar to 
the diagram shown in Figure 3-6, but the ZnTe crystal is replaced by a piece of magnetic 
film sample. A reference TDS curve is shown in Figure 3-10(a), and the frequency 
spectrum is wide, covering a range from 0.1 to 5 THz. The peak intensity happens at 0.5 
THz with a good SNR (65 dB). The THz is sensed by a piece of ZnTe crystal in this 
measurement. 

















































Figure 3-10. THz signal acquired from a hybrid system with magnetic film 
stacks as emitter and a ZnTe crystal as detection in (a) time domain and (b) 
frequency domain.  
 
3.1.3 Comparison of THz system and the choice for this thesis 
In the previous section, some of our in-house built THz systems have been 
introduced briefly with the experimental data. In this section, the key parameters of each 
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system will be listed for comparison, and a suitable system will be chosen for the further 
THz device characterization.   
Table 1. Key factors of the THz TDS systems introduced in section 3.1.2 











Maintenance   
PCA PCA 0.1 – 4.5  73 0.5 – 5 (nJ) 10 - 200  Easy 
Air plasma Air 
plasma 
0.3 - 23 53 0.5 – 1.5 
(mJ) 
10 - 80 Difficult 
ZnTe ZnTe 0.1 – 3.4 64.5 0.02 – 0.2 
(mJ) 
10 - 200 Moderate  
Magnetic films ZnTe 0.1 - 5 65 0.0002 – 
0.5 (mJ) 
10 - 300 Moderate 
 
From the table, it can be seen that most of systems show a spectrum range from 0.1 
THz to 3 or 4 THz, except the air plasma based one which has a much broader spectrum. In 
terms of the SNR, a PCA based system shows the best performance due to the high 
stability and high repetition rate of the low power laser source. The acquisition time of each 
spectrum from the PCA based system takes only tens of milliseconds, which makes it 
possible to average many signal traces to improve the SNR. THz waves generated from 
ZnTe crystals and magnetic heterojunctions are all pumped by 1 kHz lasers and detected by 
ZnTe crystals, and the SNR is similar for ZnTe and magnetic heterojunctions. Air plasma 
based THz system has a high THz E-field strength,
93, 94
 however due to the low sensitivity 
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of the air plasma based THz detection, the SNR is lower (~53 dB). Comparing the SNR 
among different systems may not be fair due to different data acquisition strategies and 
different laser source repetition rates. However, such a comparison can be a good reference 
for us to choose the most suitable system for desired THz applications.  
The requirement for the laser source power and pulse duration is also different, which 
directly relates to the possibility of integrating a pump beam into the system and the ease of 
maintenance. A PCA based THz system generally works with 80 MHz lasers with overall 
power less than 50 mW. This type of laser has a very low power (around 1 nJ) per pulse 
and relative long pulse duration, therefore incorporating an optical pump into such a system 
is relatively difficult. However, the optical pump is not our concern for the works in this 
thesis. On the other hand, this high repetition rate laser has many advantages. First of all, as 
mentioned earlier, the high repetition rate makes the high speed data acquisition possible, 
therefore tens of spectra can be measured in one second, in contrast to those 1 kHz laser 
pumped systems which takes a few minutes to finish a single scan. Next, the cost of the 
laser is significantly lower than those ones with amplifiers, and the laser can be very 
compact, resulting in a portable THz system. Furthermore, the laser stability is very high, 
thus almost maintenance free due to its low power. Other than the PCA based systems, all 
other THz systems are built with a femtosecond laser with a regenerative amplifier, which 
has a 1 kHz repetition rate but much higher power for each single pulse. Generally, the 
pulse power from a regenerative amplifier is high enough for a pump beam to excite many 
ultrafast dynamics. The difference in pulse duration affects the laser cost and the ease of 
system maintenance significantly. From 100 fs to sub 50 fs, many parts of the laser need to 
be upgraded and the laser system stability decreases dramatically.     
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In this thesis, a high speed, high SNR and stable THz system is desired to 
characterize graphene based THz device, therefore, a PCA based THz system is chosen for 
further measurement.     
3.2 Device fabrication 
Most of the devices for THz wave manipulation in this thesis have a sandwiched 
structure. In this part, the common procedure for the device fabrication will be introduced, 
which includes the quality inspection of graphene films, electrode deposition, device 
assembling, liquid injection and electrical wiring. 
3.2.1 Graphene film quality inspection and electrode deposition 
Due to the large THz beam size, the functional area of the devices should be large 
enough to cover the light beam. Large area graphene films in this thesis are prepared by 
CVD method. As explained in chapter 2, mono-layer graphene is grown on a copper foil, 
and then transferred onto the quartz glass. Raman spectroscopy and electrical Dirac 
measurement are applied to examine the graphene qualities. Figure 3-11(a) is a typical 
Raman spectroscopy experimental result. It shows prominent G and 2D peaks, while the D 
peak is negligible, indicating a good quality of the graphene films.
85, 100, 101
 Figure 3-11(b) 
shows the transport characterization of a typical single layer graphene sample, indicating 
the graphene sample is p-type at zero bias voltage due to unintentional doping during 
copper etching process. Multilayer graphene films are prepared by stacking multiple mono-
layer graphene films together. Because there are no atomic bonds between different layers 
in our multilayer graphene, each stacked layer has consistent chemical and optoelectrical 
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properties similar to mono-layer graphene.
102
 Both these measurements prove the high 
quality of graphene films for the devices. 
1500 2000 2500






































Figure 3-11. (a) Raman spectrum of a mono-layer CVD graphene film, the 
characteristic D-peak, G-peak and 2D peak are labeled. (b) The electrical 
transport measurement for a mono-layer graphene with substrate back gating.  
 
Metal electrodes are necessary to form high quality electrical contacts between the 
external voltage source and the graphene films. However, during deposition of the high 
momentum metal atoms could induce damages to the graphene film, resulting in degraded 
performances. Thus deposition methods which minimize the damage to graphene films are 
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highly desired. Here, Cr (10 nm)/Au (40 nm) electrodes are thermally evaporated onto the 
graphene films in a specially designed chamber (with a base pressure of 5×10
-8
 Torr) where 
the samples are ~ 1 meter away from the metal sources to lower the atom bombardment 
onto the graphene films. The electrode on each graphene film has a scale of ~ 1 mm by 10 
mm at one edge of the substrate.  
3.2.2 Device assembly, electrical wiring and liquid injection  
Figure 3-12 shows the typical sandwich structure in this study. After the graphene 
film transfer and electrode deposition, two graphene films are arranged face to face with 
the electrode edges at opposite locations. Two spacers are used to separate the graphene 
films and form a cavity for later liquid injection. It is worth to note that the substrates with 
graphene are intentionally misaligned to reserve the space for subsequent electrical wiring. 
The gap thickness between graphene films is defined by the spacer thickness. Figure 3-13 
shows the measured gap distance from a sandwich structure where 60-μm-thick spacers are 
used. The measured value is about 65 μm which is within the tolerance range. Later super 
glues are applied to affix the sandwich structure, and the thickness of liquid cell will be 




Figure 3-12. A general sandwiched device structure in this thesis. 
 
 
Figure 3-13. The liquid cell thickness measurement for a sandwiched device.  
 
After the sandwich structure frame is ready, the devices are installed on a specially 
designed PCB board with a clear aperture for THz wave propagation. The electrodes on 
graphene are wired to the PCB board by a conductive paste. When the conductive paste is 
dry, either liquid crystals or ionic liquids are injected into the cavity between the graphene 
films by syringes. Driven by the nature of liquid surface tension, the liquid droplets at the 
gap entrance will automatically fill up the devices. 
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3.3 Summary  
The main techniques for THz TDS system setup, device fabrication and 
characterization are discussed in this chapter. The THz systems introduced in this chapter 
are all built with fs-lasers in a stroboscopic scheme, and thus the basics of fs-lasers and the 
principle of pump-probe experiments are first introduced. Then some typical methods for 
THz generation and detections are described, which provide an overview of the mainstream 
THz spectroscopy. By comparing the advantages and disadvantages of different systems, a 
PCA based TDS system is chosen for this thesis due to its high efficiency, high SNR, and 
high stability. Most of the devices in this thesis share similar sandwiched structures, and 
thus sample preparation processes are explained in this chapter. 
With the understanding of the basics of THz TDS and device fabrication processes, 
three different types of graphene based THz devices, the phase shifters, intensity 
modulators and reflectors, will be discussed in following chapters.   
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Chapter 4:Graphene/liquid crystals based THz phase 
shifters 
4.1 Introduction 
Graphene has attracted much interest for a wide range of studies for its excellent 
performances as discussed in chapter 2. Graphene has been widely investigated at THz 





Dirac Fermion dynamics measurements.
105
 Liquid crystal based devices with graphene as 
electrodes have been demonstrated at visible and near infrared frequencies
106
, however 
graphene based phase shifters at THz frequencies have not been explored yet. 
A brief review for THz phase shifters has been done in chapter 1. In this chapter, 
many different types of liquid crystal based THz phase shifters will be discussed in further 





 field are shown. In Figure 4-1(a) and (d), 4.07° and 90° degree phase shift at 
1 THz was obtained by a voltage control of 589.3 V (rms) and 125 V (rms) respectively. 
141° and 360° phase shift was realized by the manipulation of magnetic field in Figure 4-
1(b) and (c), respectively. The first device (Figure 4-1(a)) has microstrip-lines as electrodes 
to apply control voltages. For the purpose of avoiding the blockage of the THz pulses, the 
microstrip-lines are separated by certain angle. However, the voltage required for switching 
liquid crystal cells is very high due to the large gap between the electrodes. Then the 
authors tried structures in Figure 4-1(b) and (c) with permanent magnets to drive the 
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devices. The device performance increases greatly, leading to the linear phase shift control 
without the need of high voltages. Nevertheless, mechanical components, such as the 
magnets and their rotation controllers are not preferred in a compact system. The structure 
in Figure 4-1(d) show a substantial improvement which is voltage controlled, and the 
required voltage is much lower than that in Figure 4-1(a).  
 
Figure 4-1. The structure of (a) electrically controlled phase shifter (with 
microstrip-line electrodes)
48
, (b) magnetically controlled phase shifter (with 
~1.5mm thickness liquid crystal cell)
107
, (c) magnetically controlled phase 







In the voltage controlled THz phase shifters in Figure 4-1(d), the electric field is 
applied normal to the direction of THz beam propagation because of the low transmittance 
of conventional transparent electrodes at THz frequency. For example, ITO is widely used 
as transparent contacts at visible frequencies, however it is highly absorbing at THz 
frequencies (less than 10% transmission rates at 0.2 - 1.2 THz).
108
 By decreasing the 
thickness of the ITO films to enhance the transmittance at THz frequencies, the resistance 
of ITO film increases significantly.
109
 On the other hand, graphene shows high 
transmission in the THz range
110
 and it is suitable as a transparent electrode without losing 
the electrical conductivity.
111
 In addition, graphene enables the device to use direct current 




There is much room to improve the THz phase shifter furthermore, especially 
utilizing the unique properties of graphene. In this study, a new THz phase shifter utilizing 
graphene and liquid crystals has been demonstrated at the frequency range of 0.2 to 1.2 
THz, which is the peak intensity range of our THz system. With chemical vapor deposition 
(CVD) graphene films as transparent electrodes, the new devices require low driving 
voltages (DC 5 V for saturation) for a 10.8° phase shift. Due to the pure electric control 
capability, the proposed phase shifters do not involve any magnet or any mechanical part, 
which makes it friendly for integration. In addition, our devices show a linear response at 
low bias voltage regime, which enables a continuous tunable operation.     
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4.2 Sample preparation and experimental strategy 
A schematic diagram of the proposed phase shifter is showed in Figure 4-2. 
Particularly, in these THz phase shifters, a layer of polyimide is required for a uniform 
alignment of the liquid crystals. Substrates with CVD graphene films were immersed in the 
polyimide solution for one hour and subsequently dried. By gently rubbing the surface, the 
alignment of the polyimide layer was achieved for the alignment of liquid crystals. Next, 
two spacers of a thickness of 50 µm were used to separate the top and bottom structures, as 
shown in Figure 4-2(a). Then the two glass substrates were sandwiched with the graphene 
layers facing each other. Due to the settling of the spacers, a space of 8 mm × 8 mm × 50 
µm was prepared for liquid crystals. In the last step, the liquid crystals 5CB were filled into 
the prepared gap. In order to avoid unexpected electrical connections, two Cr/Au electrodes 
were mounted at different sides of the device structure with a slight misalignment as shown 
in Figure 4-2(a). At room temperature (25 °C), the ordinary and extraordinary indices of 
refraction for 5CB are reported to be ~ 1.58 and 1.77 in the frequency range of 0.2-1.2 
THz, respectively, and the birefringence value of 5CB is 0.2 ± 0.02.
47
 The large and stable 
birefringence makes 5CB an ideal material for THz applications.   
Due to the uniformly aligned polyimide, 5CB is initially aligned parallel to the 
substrate, as illustrated in Figure 4-2(b). As the applied voltage between the two graphene 
electrodes increases, liquid crystals gradually switch to the perpendicular direction as 
shown in Figure 4-2(c). Depending on the alignment angle of liquid crystals, the effective 
refractive index of 5CB for the THz pulse varies. The controllable transmission time delays 
are directly related to the tunable phase shift. Note that the initial alignment direction of 
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5CB without applied voltage needs to be parallel to the electrical field direction of the THz 
plane wave, which is also parallel to the film plane.  
 
Figure 4-2. (a) A schematic diagram of the graphene-based liquid crystal 
phase shifter at THz frequencies. The device consists of (1) glass substrates, 
(2) single layer CVD graphene films, (3) alignment layer, (4) spacers, (5) 
liquid crystal cell (5CB), and (6) electrodes. (b) Before applying voltage, 
liquid crystals are aligned parallel to the film plane due to the polyimide 
layer. (c) With the bias voltage, liquid crystals are aligned perpendicular to 
the film plane. “E” denotes the electrical field direction of the THz pulses. 
The pulse transmission direction is perpendicular to the substrates.   
 
The measurements have been conducted in a PCA pair based THz system, which can 
generate a well-defined plane wave pulse from 0.06 - 4.0 THz with peak intensity at a 
range of 0.2 – 1.2 THz (see chapter 3 for details). For the time domain measurements, tens 
of measurements have been repeated at various bias voltages, and the time domain signal 
difference was less than 3 fs. The beam size is less than 5 mm in diameter, which is smaller 
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than the area of liquid crystal cell (8 mm × 8 mm). The samples are located in a chamber 
purged with nitrogen and the temperature of the chamber is controlled at 25 ± 0.5 °C. A DC 
voltage is applied through the two Cr/Au electrodes shown in Figure 4-2(a) labeled as (6). 
The voltage is gradually increased from 0 to 9 V. When applying the metallic or metal 
oxide films such as ITO as transparent electrodes, alternating current (AC) voltage is 
required to avoid the ion diffusion problem, which deteriorates the device performance and 
consequently lowers the breakdown voltage. Since graphene films do not have this ion-
injection issue, the DC voltage can be applied instead of AC voltage in our structure.  
4.3 Characterizations of multi-layer graphene for phase shifters  
In order to use CVD graphene films as transparent electrodes at THz frequencies, the 
transmittance of graphene at THz frequencies and its sheet resistance are very important 
factors. Figure 4-3(a) shows that, as the number of graphene layer increases, the pulse 
intensity of transmitted THz signal decreases. By comparing the peak value of the pulse, 
the transmittance of graphene on top of quartz glass are found to be 88%, 80.6%, 76.6%, 
and 73.8% for single, bi-, tri-, and 4-layer graphene films, respectively (Figure 4-3(b)). 
Interestingly, each additional layer of graphene contributes differently in THz absorption, 

























































Figure 4-3. (a) The THz pulse intensity through the sample holder, the bare 
glass substrate, and graphene films (data shifted for clarity). (b) The 
transmittance of single layer, bi-layer, tri-layer, and 4-layer graphene films at 
THz frequencies. 
The other important factor is the sheet resistance. By stacking the single layer films 
together, the sheet resistance of the film reduces as shown in Figure 4-4, implying a 
tradeoff between the conductivity and the transmittance at different numbers of graphene 
layer.  

























Figure 4-4. Sheet resistance of CVD graphene films versus the number of 




4.4 THz measurement and the theoretical calculations  
The transmitted time domain waveforms (zoomed view of a selected region in a THz 
time domain spectrum) at different DC bias voltages are shown in Figure 4-5(a). With 
increasing the bias voltage, the alignment of liquid crystals switches from the initial parallel 
direction to the perpendicular direction, with respect to the film plane. The perpendicular 
alignment of liquid crystal results in a smaller effective refractive index of 5CB, and 
subsequently induces a smaller time delay. The experimental data of phase shifts at 0.25, 
0.5, 0.75, and 1 THz are shown in Figure 4-5(b) with error bars. The solid lines show the 
theoretical prediction which will be explained later. 
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Figure 4-5. (a) THz pulse signal transmitted through the phase shifter with 
different bias voltages. (b) Voltage controlled phase shifts at different 
frequencies. 
 














                                                        (4-1) 
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where L is the distance between two electrodes, d the thickness of liquid crystal layer, k11 
the splay elastic constant, εa the dielectric anisotropy, and ε0 the electric permittivity in free 
space.
44
 Using the values of 5CB, k11 = 5.24 × 10
-12
 N, εa = 11.92, and ε0 = 8.85×10
-12
 F/m, 
the threshold voltage vth = 0.7 V can be calculated.
113
 The phase shift is given by         







   ,                                                   (4-2)  
where f is the frequency, c the speed of light in vacuum and  effn v  the change of the 
effective refractive index.
49, 50
 In our structure,  effn v  is the function of applied voltage. 
Because of the thin cell utilized in this work, the uniformity of the electric field is not a 
concern and the position dependent phase shift is negligible. The field dependence of the 
birefringence for the voltage slightly larger than the threshold voltage can be described by  
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where no and ne are the ordinary and extraordinary refractive index of 5CB. For v-vth » vth, 
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is applied for predicting the value of  effn v .
49, 50
 The values of  effn v  at different 
voltages are used to plot the theoretical curves.  
For v > 0.7 V, the experimental data are in good agreement with the theoretical 
prediction. Below the theoretical threshold voltage (0.7 V, calculated from Equation 4-1), 
there is a mismatch as shown in Figure 4-5(b). Our devices show a very small threshold 
voltage, which leads to a linear phase shift operation with enhanced reliability in 
applications. In the above simple threshold equation, it is assumed that the coating layer is 
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not affected by the electric field. However, there are some studies showing that if the 
coating layer can be oxidized/reduced by the electric field, the threshold voltage decreases 
significantly.
114
 The threshold voltage of the liquid crystal cell depends on anchoring 
energy from the alignment layer, the species of the liquid crystals, and the composition of 
the liquid crystals. In order to understand this discrepancy, further studies are required.  
The above calculation shows the macroscopic results of the phase shift. More 
specifically, when the liquid crystals are switched, the molecules are not uniformly aligned 
to the same direction, but change gradually. We further explain more detailed information 
regarding the liquid crystals in the cells under the applied voltage, such as the maximum 
rotation angle of the liquid crystals, and the rotation angle at any position within the cells; 
consequently, the change of the effective birefringence of each sub-cell and phase shifts 





















,                               (4-5) 
if the applied voltage v > vth is known, the value of θm can be solved, where  θ  is the 
rotation angle of the liquid crystals from 0 to  θm , and  θm  the maximum rotation angle. 
With the calculated θm , combining with the known v, vth, q and d, the liquid crystal rotation 




















,                                 (4-6) 
where z is the distance from any point in the cell to the graphene electrodes and q = (k33-
k11)/k11 (k33 is the bend elastic constant) is a constant. 
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With the liquid crystal rotation angle  θ , the change of the effective birefringence can 
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This model provides more detail information of the liquid crystals in the phase 
shifter. A biasing voltage, the liquid crystals at different positions have different status, 
which gives a better understanding of the liquid crystal inside the cells. However, in this 
study, the macroscopic properties of liquid crystals were good enough to explain our 
results. 
4.5 Summary 
In this chapter, we have demonstrated a liquid crystal-based THz phase shifter with 
CVD graphene films as transparent electrodes. In the multilayer graphene studies, it is 
found that the tradeoff between the graphene transmittance and electrical conductivity 
should be considered when using it as THz transparent electrodes. The amount of phase 
shift at 1 THz gradually increased from 0° to 10.8° under the application of bias voltages. 
The proposed THz phase shifter is fully controlled electrically without involving any bulky 
magnetic component, allowing easy integration into a small form factor. A larger phase 
shift is possible by replacing materials with a larger birefringence.   
In previous THz phase shifters, more than 100 V AC voltages were applied in order 
to saturate the device response due to a large separation of two electrodes.
50
 However, in 
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our devices, only several volts of DC bias are enough to saturate the phase shift response. 
In addition, the devices provide linear phase shift controllability at the low bias voltage 






Chapter 5:Graphene based THz modulators via ionic 
liquid gating 
5.1 Introduction  
The excellent optical properties enable the applications of graphene in modulators in 
both visible
115, 116
 and THz ranges
6, 53, 104, 117, 118
. In the NIR and visible range, interband 
transitions dominant the optical absorptions in graphene. The optical conductivity of 
graphene is almost independent of the optical frequencies when the photon energy is larger 
than 2Ef. The optical conductivity of single layer graphene can be described by a constant
2( ) 4e /  
, and this will give rise to a constant 2.3% absorption.
71, 119
 By modulating 
the Fermi level of graphene, the light absorption for NIR and visible range is also 
tunable.
115
 When 2Ef is larger or smaller than the photon energy, the interband transaction 
will be turned off or on, respectively. As shown in Figure 5-1,
116
 light transmission changes 
with respect to different wavelengths for a range of gate voltages. For a fixed gating 
voltage, the light transmission is higher for a longer wavelength, which is corresponding to 
less absorption; while for a selected light wavelength, higher gating voltage (larger Ef) 





Figure 5-1. Normalized light transmission with different gate voltages 
 
On the other hand, in the THz range, intraband transitions of graphene dominate and 
the electric-field amplitude modulation is much more significant. A total (100%) electric-
field modulation of a graphene based THz modulator was predicted, and the modulation 
depth was demonstrated to be 15% experimentally.
6 
Furthermore, it was theoretically 
demonstrated that graphene based THz modulators could have very low insertion loss by 
optimizing the substrates.
6
 Nevertheless, further improvements in the modulation depth are 
required for practical applications.  
In the visible and NIR ranges, there are other materials than graphene which can be 
utilized as transparent conducting electrodes. However, in THz range, graphene offers new 
possibilities for applications. First of all, graphene is suitable as transparent electrodes at 
THz ranges, which was discussed in chapter 4 for the newly designed THz phase 
shifters.
101
 Secondly, due to the unique conical band structure of graphene, the conductivity 
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of the films has a large tunable range. Since the electrical conductivity of graphene is, in 
turn, proportional to its Fermi level near the Dirac point, the optical conductivity of 
graphene can thus be controlled efficiently by gate voltages.
6
 As the absorption and 
reflection of the THz waves are directly related to the conductivity of graphene, the 
propagation of THz wave is effectively tunable via tuning the Fermi level of graphene.
6, 51
  
Based on the principles discussed above, THz modulators controlled by gating 
graphene films have been reported.
117
 Figure 5-2 shows the device structures and the 
experimental results of such a modulator. In Figure 5-2(a), a back gate voltage is applied to 
a large area of graphene, and gold electrical contacts are prepared to measure the sheet 
resistance of the graphene film. The gating voltage shifts the Fermi level of the graphene 
film, resulting in a change of the sheet resistance, and consequently the transmitted THz 
wave is modulated (Figure 5-2(b)). In this study, the modulation depth is small due to the 
low gating efficiency, requiring large bias voltages (-30  120 V). 
 
Figure 5-2. THz wave manipulation by gating graphene films. (a) The device 
geometry and experiment strategy, a band structure diagram is shown for 
describing the operation mechanism. (b) THz time domain data for the device 






Recently, a new design with a significantly high THz modulation depth is proposed 
for the THz modulators (Figure 5-3(a)). The modulation depth is normalized to the THz 
transmission signal in free space without samples. Up to 15% with 50 V voltage over the 
frequency range 0.57-0.63 THz (Figure 5-3(b)) is observed. However, the modulation 
depth for the devices is still to be improved.  
 
Figure 5-3. THz amplitude modulation by a graphene based device. (a) The 
device structure with gating electrode. (b) Normalized THz transmission at 0 






In this chapter, we experimentally demonstrate and numerically support the 
excellent performance of THz modulators based on graphene/ionic liquid/graphene 
sandwich structures. The modulation covers a broadband frequency range from 0.1 to 2.5 
THz with the modulation depth up to 99% by applying a small gate voltage of 3 V. To our 
best knowledge, this is the highest modulation ratio from graphene based THz devices to 
date.  
The outstanding performance of graphene based device benefits from two key 
components: (1) a linear conical band structure of graphene and (2) a powerful gating effect 
of ionic liquid. Firstly, due to the linear band structure of graphene, the Fermi level in the 
vicinity of the Dirac point can be linearly controlled by tuning the gate voltage, which 
subsequently changes the transmittance. Secondly, the strong gating effect of ionic liquid 
derives from the fact that charges accumulate within several nanometers in proximity to the 
graphene/ionic liquid interfaces.
120, 121
 Consequently, the magnitude of electric fields on 
graphene is very large, which results in the effective tuning of graphene’s Fermi level. 
Moreover, our sandwich structures make use of the high mobility of both electrons and 
holes,
68
 unlike previous semiconductor based modulators,
122, 123 
where the hole 
contributions were negligible.  
Beyond the rigid THz modulators, benefitting from the high mechanical strength and 
flexibility of graphene, flexible devices are possible at the THz range. An example of 






5.2 THz modulation measurements 
5.2.1 Device structure and THz modulation characterization 
The proposed THz modulators are based on a sandwich structure of two layers of 
graphene and ionic liquid as described in chapter 3. 1-ethyl-3-methylimidazolium bis (tri-
fluoromethylsulfonyl) imide ([EMIM][TFSI]) ionic liquid is injected into the cavity among 
the spacers and graphene films (Figure 5-4(a)). When a voltage is applied between two 
graphene films, holes are accumulated on one of the graphene films, while electrons are on 
the other side (Figure 5-4(b)).  
The experimental results from a single-layer graphene based modulator are presented 
in Figure 5-5. By increasing the applied voltage from 0 to 3 V, the THz spectra peaks 
decrease monotonically as a function of the gate voltage. In contrast, we observe that no 
gate-dependent phase change is introduced to the THz pulses, and the time shift in the 
figure is added for clarity.  
THz traces are truncated between two dashed lines in Figure 5-6(a) to remove the 
effects due to multiple reflections, and then the spectra of transmitted THz pulses (Figure 
5-6(b)) are obtained using a FFT. The strength of THz electric fields attenuates across the 




Figure 5-4. (a) Geometry of a graphene based THz modulator. (b) When a 
voltage is applied, positive and negative charges accumulate at the 







































Figure 5-5. Time domain electric field of THz pulses with the gate voltage up 
to 3 V. The data are shifted horizontally for clarity. 
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 0.6 V  0.9 V
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 1.8 V  2.1 V




Figure 5-6. (a) Time domain data are truncated between two vertical red lines 
(193.5 to 208 ps) to eliminate the multiple reflections. (b) THz electric field 
amplitude for the truncated region in the frequency domain. 
 
The spectra in Figure 5-7 are normalized to the spectrum with zero gate voltage, and 
the overall THz electric field decreases as the gate voltage increases. The oscillating 
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features in the normalized spectra arise from the multi-reflection of THz wave inside the 
cavity between two graphene films which will be discussed later.  
The normalized THz transmittance, T = (tv/t0)
2
, where tv is the electric field strength 
of transmitted THz at gate voltage Vg, and t0 is at Vg = 0. By averaging the THz spectra 
across the entire detected bandwidth (0.1 to 2.5 THz), the transmittance decreases 
monotonically with respect to the gate voltage (Figure 5-8). We observe a power 
modulation depth M = (1-T) up to 83% with an applied voltage of 3 V, in which each layer 
of graphene contributes to 60% modulation. The modulation depth is significantly greater 
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Figure 5-7. Normalized electric field strength with respect to the spectrum 























Figure 5-8. THz transmittance by averaging the normalized power intensity 
from 0.1 to 2.5 THz. 
 
The symmetric voltage response of THz modulation is shown in Figure 5-9(a). 
Voltages with positive and negative polarities are applied to a tri-layer graphene based 
device. With a truncation from 193.5 to 208 ps, FFT was performed. Then, all the spectra 
were normalized to the spectrum with zero gate voltage (Figure 5-9(b)). There are two 
graphene layers in a single device, namely layer 1 and layer 2. When a positive voltage is 
applied, THz modulation in layer 1 is dominated by holes while in layer 2 it is dominated 
by electrons. When a negative voltage is applied, holes are dominating in layer 2 and 
electrons in layer 1.   
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Figure 5-9. THz measurement of the tri-layer graphene based devices. (a) 
TDS of the devices under different gate voltages. The pulses are shifted 
horizontally for clarity. (b) Normalized THz electric field spectra after FFT. 
 
In addition, similar devices based on graphene with different layer numbers are also 
studied. In these devices, the relationship between gate voltage and transmittance is shown 
in Figure 5-10. Since the multi-layer graphene was prepared by stacking single-layer 
graphene without interlayer atomic bonds, it is expected that the graphene layer at the 
graphene/ionic liquid interface mostly contributes to the THz modulation. Therefore, 
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devices with different graphene thicknesses should show a similar modulation to the single-
layer graphene based device.
116
 In Figure 5-10, however, the modulation depths at 3 V 
show 83%, 89% and 93% for single-layer, bi-layer, and tri-layer graphene based devices, 
respectively. This difference can be understood by the fact that the overall domain 
boundary defects in CVD graphene are eliminated in a multilayer graphene 
configuration.
124
 Other different trends in the data curves, such as the peak position shift, 
might be due to the induced environmental doping during graphene growth and 
transferring. We also demonstrate a further enhancement of the modulation depth to 99% 
by simply stacking two devices (a bi-layer and a tri-layer graphene device) on top of each 
other (Figure 5-10). For applications, the optimal numbers of graphene layers and stacked 
devices should be chosen considering the trade-off among the device conductivity, 
durability, and insertion loss.
101
  






















Figure 5-10. Comparison of THz modulation from devices with different 
numbers of graphene layers. The double-deck device is fabricated by stacking 




5.2.2 Technical details in multilayer graphene based devices  
For an ideal graphene sheet, increasing the layer number of graphene should not 
change the modulation depth, however, there are defects in most of CVD graphene 
samples. Figure 5-11 shows the high resolution confocal Raman microscopy data from a 
monolayer graphene which is used in the modulators. The large I2D/IG ratio suggests that 
long range charged (Coulomb) impurities in the sample is very low. However, the small D 
peak suggests that there are short range defects, such as a grain boundary, dislocation or a 
missing atom.
125
 This Raman data indicate that the THz modulation depth should increase 
only slightly with additional graphene layers. 

























Figure 5-11. Raman spectroscopy data with a high SNR. 
 
It is noticeable that the curve trends in Figure 5-10 are different from each other. This 
observation is due to the quality variation of each graphene sheet. As discussed earlier, 
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there are defects in CVD graphene during growth, and further environmental doping is 
introduced to the films during the transfer process. The data in Figure 5-12 show a typical 
response from a modulator device. Data point for Vg = 0 V is highlighted and indicated by a 
red arrow.  The asymmetric modulation trend can happen when there is a relatively large 
graphene quality difference for the top and bottom graphene layers in a device, therefore 
the modulation trend is asymmetric for positive and negative gate voltages.  Especially in a 
double-deck modulator, four graphene films contribute to the THz modulation and the 
graphene quality variation produces more noticeable asymmetry to the modulation trends. 
This potential problem can be solved when the graphene quality and uniformity increases 
substantially.  




















Figure 5-12. A set of modulation versus gate voltages resulting from a bi-




5.2.3. Multiple reflections in the graphene cavity 
Multi-reflections are the phenomena where the incident wave experiences several 
reflections from internal interfaces, and then transmitting through the structure to show a 
much smaller peak compared to the main pulse. For any multi-reflection, due to the extra 
optical path, there is a time delay Δt = 2dn/c, where d is the distance between two interfaces, 
n is the refractive index (1 for dry air, 1.57 for ionic liquids, and 1.96 for quartz at THz 
range), and c is the speed of light. The schematic of one such possible multi-reflection is 
sketched in Figure 5-13. As the thickness of ionic liquid cell and quartz is 100 and 400 µm, 
respectively, the first order multi-reflections have a time delay of 1.05, 5.23, 6.28 ps, etc. In 
our data analysis, as shown in Figure 5-6(a), only a small range (193.5 to 208 ps) was 
chosen so that the effect of multi-reflections are eliminated. Note that the first multi-
reflection signal shown in Figure 5-13 was still included in this range, because it is very 
close to the main pulse (1.05 ps delay), however, higher orders multi-reflection from these 




Figure 5-13. Schematic of one multi-reflection of THz beam inside the 
devices. 
 
5.2.4 Control study for device operation mechanism investigation 
In order to have a better insight into the device operation, we perform a series of 
studies to understand the role of the Fermi level change and the carrier redistribution within 
the ionic liquid. The first control study investigates the importance of the interface between 
the ionic liquid and graphene. As illustrated in Figure 5-14(a), a thin (~0.5 m) non-
conductive photoresist (ma-N 2405) layer is coated for isolating the ionic liquid from 
graphene. As the capacitance of ionic liquid is three orders larger than that of photoresist, 
majority gate voltage is loaded onto the ionic liquid. If the carrier distribution change in 
ionic liquid is the origin of the THz intensity modulation, the modulation level in this 
control device should be the same as the original ones in Figure 5-5. However, the time 
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domain signal (horizontally shifted for clarity) has a negligible change with a gate voltage 
even up to 20 V (Figure 5-14(b)).  
























Figure 5-14. (a) Device structure for a control study; a thin layer of 
photoresist is coated on graphene. (b) TDS signal from 0.1 to 2.5 THz at 
various gate biases. The curves shifted for clarify. 
 
The second control study was conducted with two different cell thicknesses of 50 and 
100 μm (Figure 5-15). No significant difference in the device performances is observed 
with only a slight variation in modulation percentage. The above two control studies 
suggest that (1) the interfaces between the ionic liquid and graphene play an important role 
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for the THz modulation and (2) the contribution from the bulk ionic liquid is negligible. 
Therefore, we conclude that the THz modulation is caused by manipulating the Fermi level 
of graphene due to the electric fields inside the graphene layers. 
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Figure 5-15. Normalized THz transmittance signal from devices with cell 
thickness of 50 and 100 μm. The inset is a schematic of device structure. 
 
5.2.5 Other possible device structures for the modulators 
In Figure 5-16, two patterned graphene films are inserted into our sandwiched device 
structure (layers are separated for clarity) in which graphene films will be biased to induce 
only electrons on it. To avoid the hole-doped graphene from blocking the THz beam, the 
films should be patterned and provide a clear aperture for THz transmission. Graphene 
films in Figure 5-16(a) may be replaced by thin metal films. Due to the thin thickness of 
graphene or metal films in Figure 5-16(a), one piece of extra quartz is required as 
supporting structure. In Figure 5-16(b), a bulk metal electrode is inserted into our 
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sandwiched device structure. By this method, the extra supporting structure (such as quartz) 
can be avoided, which will help to reduce the insertion losses. 
 
 
Figure 5-16. Alternative device structures. (a) Graphene/thin metal films on a 
quartz are inserted as the third electrode for gating. (b) A bulky gold or 
platinum electrode is inserted in the original device structure. 
 
However, it is clear that both device geometries shown in Figures 5-16(a) and (b) 
complicate the device fabrication and/or increase the insertion losses without improving the 
THz modulation performance. Especially, if the stability at the hole-doped side in graphene 
is not an issue in original proposed devices (Figure 5-4(a)), the device structures shown in 
Figure 5-16 do not have much advantage.  
5.3 Operation mechanism of the THz modulator 
As shown in Figure 5-17(a), the THz transmittance modulation is symmetric under 
positive and negative gate voltages, as expected for good quality devices with such a 
symmetric structure. The voltage dependent transmittance can be understood by three states 
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of band alignment (Figure 5-17(b)) of the top (blue) and bottom (green) graphene layers. 
Without any gate voltage, the Fermi level of both graphene layers is slightly lower than the 
Dirac point due to unintentional p-dopants.
63, 100





 at Vg = 0 V. For a large gate voltage of Vg >> VDirac, the Fermi level of the bottom 
graphene film increases, while that of the top film decreases. As a result, the total DOS at 
the Fermi level of both graphene layers increases, leading to the enhancement of THz 
absorption and reflection due to greater intraband transition. This mechanism also explains 
the symmetric modulation with respect to the polarity of the gate voltage, when the field 
direction is reversed.  




















Figure 5-17. (a) Symmetric gate voltage modulation response of a tri-layer 
graphene device. (b) Band structures of top (blue) and bottom (green) 
graphene films under different gating conditions at Vg = 0, Vg ≈ 2VDirac, and 




Small peaks are observed at low applied voltages indicated by red arrows in Figure 5-
17(a), corresponding to the gate voltage of Vg ≈ ±2VDirac. When a small gate voltage is 
applied, the Fermi level of the bottom graphene layer rises and approaches the Dirac point 
(decreasing the density of states (DOS)), while the Fermi level of top layer falls (increasing 
the DOS). At this gate voltage regime, the DOS from graphene layers compensate each 
other, giving rise to a saturation behavior in the transmittance. The saturation takes place in 
the range of -2VDirac < Vg < +2VDirac when the doping levels of both graphene layers are 
equal and the band dispersion of graphene is linear. However, a slight increase of the 
transmittance in Figure 5-17(a) is observed. The existence of the peaks in transmittance 
suggests that the positive and negative charges accumulate on graphene films unequally. 
There are a few reasons for this phenomenon. First of all, when considering impurity 
induced scatterings, different degrees of correlations for electrons and holes contribute to 
the asymmetric gating effect.
51, 126
 The dominant Coulomb scattering at the vicinity of 
Dirac point due to ionized impurities can also introduce a non-linearity in graphene’s band 
structure.
127
 It is also reported that the gating effect is more effective for the anions than 
that of cations in the ionic liquid.
116
 In addition, the grain boundaries in CVD graphene 
play an important role for the electrical property.
128, 129
  
For a better understanding of the relationship between the graphene conductivity and 
THz modulation, The conductivity of the top and bottom graphene layers was measured by 
the four-probe method (Figure 5-18) in tri-layer graphene based devices, and the sheet 
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Figure 5-18. Dirac measurement with a gate voltage from -3 V to 3 V for the 
top and bottom layers of graphene in a tri-layer graphene based devices. 
 
For a comparison purpose, devices with the structure shown in Figure 5-19(a) are 
fabricated and tested to access THz modulation from a single graphene sheet. In this 
device, a clear aperture was defined on the top layer graphene. The aperture is larger than 
the THz beam, therefore the modulation attributes to the bottom graphene film solely; in 
another word, we can observe the modulation induced by hole-doped side and electron-
doped side separately. The typical tested results (the data is shifted horizontally for clarity) 
are shown in Figure 5-19(b). The overall trend of its inversion matches well with the 
electrical gating measurement (Figure 5-18). Different from the carrier behaviors in 
semiconductors, the electron-doped side does not show advantages over the hole-doped 
side in graphene. The trend of the THz signal peak intensity follows the resistance of 
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graphene films under the same gating voltage. This study unambiguously confirms our 
explanation for the device operation mechanism.   























Figure 5-19. (a) Schematic of the device structure with a clear aperture on the 
top graphene layer. (b) THz transmission measurement with a gate voltage 




5.4 Device stability test 
The repeatability and reliability of the devices are tested by two different methods. 
The first method is that the gate voltage is alternately switching among 0 and ±3 V (Figure 
5-20(a)). The maximum applied gate voltage is restricted up to 3 V, which is under the 
electrochemical window of the graphene films.
130
 In addition, intentionally degraded 
graphene film is tested in the same method. For the second test, 3V gate voltage is applied 
to a device for a long period and afterward an electrical gating measurement is performed 
again to check the graphene film quality. 
In these device stability tests, the device geometry is optimized to avoid any 
unexpected contact between the ionic liquid and metal electrodes, which is the key for the 
device measurement with a large voltage from -3 to 3 V. It turns out that graphene as an 
electrode has an outstanding stability under high electrical fields. The result is shown in 
Figure 5-20(a) with a gate voltage -3 V, 0 V or 3 V. In Figure 5-20(b), intentionally 
degraded graphene films were utilized to demonstrate the device stability. Compared to 
those high quality graphene films, the “modified Radio Corporation of America clean” 
process was skipped during the film transfer and this method degraded the graphene 
quality.
131
 Similar to our previous stability test, we apply gate voltage 0 V, 3 V, and -3 V 
alternatively with a time step of 3 minutes. After about 100 minutes of measurement, there 
is no noticeable degradation of the performance, which is significant for such a prototype 
device without proper device encapsulation.  
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Figure 5-20. Stability test for (a) a high quality and (b) a low quality single 
layer graphene based devices. 
 
Figure 5-21(a) shows the resistance versus time of a graphene film in the device at 3 
V gate voltage in air. After an 80-minute test with a high gate voltage, the Dirac curves of 
the graphene films are measured, as shown in Figure 5-21(b), and the curves are similar to 
common Dirac curves in previous studies. These measurements exhibited the high stability 
of our devices. It is believed that there is still room to further improve the device stability, 
such as sealing the liquid cell properly.  
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Figure 5-21. (a) Resistance versus time of graphene films under 3 V gate 




5.5 Theoretical modelling  
In order to further understand the proposed THz modulators, we simulate the 
absorption, transmission, and reflection by the transfer matrix method.
6, 51, 132
 According to 
the transfer matrix theory of a multilayer system, the propagation of light through an 
interface between two materials can be described by  
,                       (5-1) 
where t and r correspond to the transmission and reflection coefficients of the electric field, 
respectively. The subscripts m1 stands for the material 1 and m2 for material 2. Graphene 
films are assumed to be zero thickness conductive layers with the vacuum impedance of 
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Figure 5-22. Simulation model for typical sandwiched THz modulators 
consisted of dry air/quartz glass/graphene/ionic liquid/graphene/quartz 
glass/dry air. 
 
The THz devices are a stack of quartz glass/ionic liquid/quartz glass (Figure 5-22). 
When transmitting through THz wave, four interfaces are involved for our investigation 
(labelled as 1-4 in Figure 5-22). A single M matrix is derived from the S matrix in 
Equations  5-1 and 5-2 and defined as  
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                       (5-3) 
The transfer matrix describing the stack in Figure 5-22 is 
/ /graphene/ _ _ /graphene/ /air quartz quartz ionic liquid ionic liquid quartz quartz airM M M M M    .      (5-4) 
With the M matrix for the entire stack, we can convert this M matrix back to the S matrix 
from which the reflectance R = r
2
, transmittance T = t
2
, and absorption A = 1-R-T can be 
obtained. As the gate voltage changes the conductivity of the graphene layers in our device, 
the absorption, reflection, and transmittance are modulated accordingly. The calculated 
results are presented in Figure 5-23. The x-axis is shifted by 0.3 mS to match the 




































Figure 5-23. Calculated absorption, transmission, and reflection as functions 
of conductivity. 
 
From Figure 5-18, it can be seen that the gating capability of the ionic liquid on 
graphene is roughly 1 mS/V. Using the conductivity change per gate voltage, we calculate 
the THz transmittance, absorption, and reflectance with respect to different gate voltages 
(Figure 5-24). The modulation trend in Figure 5-24 agrees well with the THz measurement 
in Figure 5-17(a). Interestingly, the simulated reflection also increases with the gate 
voltage, suggesting that the devices can operate in the reflection geometry as well. We can 
infer the increment of reflectivity as a function of voltage by inspecting the oscillating 
feature of the transmittance spectra in Figure 5-7 and 5-9(b). As the gate voltage increases, 
the stronger internal reflections from the graphene layers are detected, which is in line with 
the results in Figure 5-24. 
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Figure 5-24. Simulated THz transmittance (red), absorption (black) and 
reflection (green) combined with the experimental gating capability value as 
functions of the gate voltage. 
 
5.6 Flexible THz modulators 
In addition to the outstanding electrical and optical properties, graphene is also a 
material with high mechanical strength and good flexibility.
67, 111
 As an extension of the 
proposed graphene/ionic liquid based devices, flexible THz modulators are also studied 
with our collaborators.   
Figure 5-25 (a) shows the schematic diagram of the devices. Graphene is firstly 
transferred onto PET films, and then ionic gel is coated on the films. Finally, the source, 
drain and gate electrodes (silver pastes) are brushed onto the designed locations to finish 
the devices. The gate voltage is applied through the gate and source electrode to control the 
carrier distributions in the ionic gel and the source-drain voltage is applied to monitor the 
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channel resistance. A photograph of the device is shown in Figure 5-25(b), which is 
intentionally bent to show the flexibility of the device.  
 
Figure 5-25. (a) Schematic diagram of the flexible THz modulators. (b) A 
photograph of a device bent by hand.  
 
The experimental data are shown in Figure 5-26. THz modulation is controlled by the 
gate voltage in the range of -3 to 5 V. The sample is measured under many different 
configurations, including flat, convex, and concave before and after 1 000 times bending. It 
can be seen that the device properties remain constant with all these conditions, which 
proves the excellent flexibility of the THz modulators.  
 





In this chapter, two most related reports which utilized gating effect on graphene to 
modulate THz propagation were introduced. Considering the low modulation depth of prior 
work, new THz modulators were proposed to improve the device performance. Our THz 
modulators by ionic liquid gating on graphene layers have a higher modulation depth, 
lower operation voltage and lower insertion loss. By tuning the Fermi level of the graphene 
layers in the device, THz transmittance was modulated by up to 83% from a monolayer 
graphene based modulator device and up to 99% by stacking two devices. We further 
confirm the modulation mechanism by a series of control experiments and theoretical 
modeling using the transfer matrix method. Interestingly, under high gating voltages, 
strong reflectance from our devices is predicted by the theoretical calculation. In the next 
chapter, we will focus on the tunable reflection from gated graphene films and try to utilize 
this property for THz applications. The stability and durability of the devices were also 
tested under critical conditions, which showed the suitability of our THz modulations for 
applications. At the end of this chapter, a flexible THz modulator is also demonstrated. The 
study in this chapter not only contributes to high quality THz modulators, but also provides 




Chapter 6:Giant tunable THz reflection of graphene via 
ionic liquid gating 
6.1 Introduction 
As discussed in previous chapters, due to the conical structure of graphene,
62
 the 
charge carrier concentration is effectively tunable by a gate voltage,
70
 consequently 
contributing to a tunable electrical conductivity with a large range.
63, 66, 100, 133
 The THz 
optical properties can be described by the Drude model, where the THz absorption and 
reflection is determined by the conductivity of graphene. However, though the reflectance 
of graphene has been theoretically predicted to be tunable from 0 to 100%,
51
  the THz 
reflectance from graphene has not been investigated experimentally. 
In this chapter, we experimentally demonstrate the giant tunable reflectance of 
graphene, and explain the underlying mechanism with a Drude model. In the vicinity of 
graphene’s Dirac point, a minimum reflectance of 0.79% is obtained, in contrast to the 
maximum reflectance of 33.4% at a gate voltage of 3 V. The spectrum shows that the 
devices are tuned uniformly over a wide frequency range (0.1 - 1.5 THz). The tuned 
reflectance range is enormous considering the ultra-thin dimensions of a mono-layer 
graphene film. The sandwich device structure is compact and simple in geometry. 
Moreover, all the measurements were performed at room temperature, suggesting ease of 
utilization for applications.  
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The tunable reflectance can be attributed to the unique conical band structure of 
graphene, as well as the high mobility of charge carriers in graphene. Under a gate voltage, 
the Fermi level (EF) of graphene shifts upward or downward accordingly, thus changing the 




 This change, along with the high carrier 
mobility (µ) of graphene, enables the conductivity (σ) of graphene to be varied within a 
large range
52, 63, 66, 101
 In the THz range, intraband transitions are dominant in photon-charge 
carrier interactions, in contrast to interband transitions in the visible and NIR ranges. We 
use the Drude model σop = σDC/(1-iωτ), where τ is the Drude scattering time, σop is the 
optical conductivity and σDC is the optical conductivity in the DC limit. As the scattering 
rate (1/τ = 3 to 6 THz)73 of the graphene carriers is larger than the frequency of our study, it 
is reasonable to approximate the real part of the THz optical conductivity with the DC 
conductivity in graphene. Furthermore, electrical gating can modulate the THz waves, 
specifically the THz reflection in this study. The low operation voltage for our devices 
arises from the high gating efficiency of the ionic liquid, in which ions accumulate at the 
surfaces of the graphene films, and induce Fermi level changes in the graphene. As the 
built-in electrical potential drops over a range of only a few nanometers across the interface 
between the graphene and the ionic liquid, a very strong electrical field is produced in 
graphene, resulting in the high gating efficiency.   
6.2 Sample preparation and operation mechanism 
The devices were measured using a reflection configuration, as shown in Figure 6-1. 
The sandwich structure consists of two pieces of quartz glass (400 m thick) coated with 
graphene and ionic liquid (300 m thick) between the graphene films. The graphene sheets 
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are separated by 300 µm thick spacers to define the cell thickness while avoiding the 
overlap of reflected peaks. Here, graphene plays the key role for THz reflectance control, 




Figure 6-1. Device structure and THz beam path of the experiment. 
 
In Figure 6-2(a), the carrier distribution is illustrated. When a positive voltage is 
applied on the devices, anions/cations accumulate at the top/bottom graphene layer, and 
induce holes/electrons in the top/bottom graphene layer, respectively. The main reflection 
peaks are labelled by different colors: blue for R1, green for R2 and orange for R3, 
corresponding to the air/quartz, quartz /graphene/ionic liquid and ionic 
liquid/graphene/quartz interfaces, respectively. Other peaks exist in the time domain data, 
but can be neglected due to their low amplitudes. Typical time domain results (Figure 6-
2(b) consist of three peaks, as illustrated in Figure 6-2(a). Due to the beam path difference, 




Figure 6-2. (a) When a positive voltage is applied to the device, as shown in 
a, negative (positive) ions accumulate in the vicinity of the top (bottom) 
graphene layer, inducing positive (negative) charges in the top (bottom) 
graphene film. Incident pulses are reflected from the quartz glass (R1, in 
blue), top graphene layer (R2, in green) and bottom graphene layer (R3, in 
orange). (b) A typical THz pulse in the time domain for R1, R2 and R3, while 
all other peaks are neglected due to their low intensity. 
 
6.3 THz reflectivity measurement 
Complete THz time domain data are presented in Figure 6-3, where the x-axis is the 
time delay in picoseconds, the y-axis is the gate voltage, and the z-axis is the THz E-field 
amplitude. This 3D plot shows each time domain curve under various gate voltages (-3 V 




Figure 6-3. 3D view of the measured THz data in the time domain. The three 
peaks are indicated by R1 (blue), R2 (green) and R3 (orange).   
 
For further analysis, we truncate the time domain results for each reflection peak and 
display them in Figures 6-4 and 6-5. The time delay (for each peak) induced by the gate 
voltage is negligible and the curves are shifted along the x-axis for clarity, to show the 
sequence of applied gate voltage (indicated by the red arrows).  
The R1 peak intensity shown in Figure 6-4 is independent of gate voltage. This is 
reasonable as the gate voltage does not modify the air/quartz glass interface. From another 
viewpoint, the uniform pulse shape and amplitude of R1 over the entire range of applied 

























Figure 6-4. Data truncated from Figure 6-3 in a range from 902.5 to 914.4 ps 
for the analysis of R1.  
 
The peak amplitudes of R2 shown in Figure 6-5(a) increase as the gate voltage 
increases, which corresponds to hole doping in the top graphene layer. Under a negative 
gate voltage, the THz reflection first decreases, and then increases. This is because the 
CVD graphene films are originally p-doped, and the negative voltage pushes the Fermi 
level of graphene to the CNP, which corresponds to both the minimum charge carrier 
density and the minimum optical conductivity. Next, the further increase of negative gate 
voltage magnitude increases the accumulation of electron charges in graphene, thus 
increasing the charge carrier concentration and the THz reflection. The peak amplitude of 
R3 shown in Figure 6-5(b) is much smaller than those of R1 and R2 due to the heavy 
attenuation after many interfaces. Nonetheless, the peak intensity change of R3 is still 
observable when the gate voltage changes. In comparison to Figure 6-5(a), the charge 
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neutral point (CNP) appears under a positive gate voltage, as opposed to that of R2. This 
interesting behavior can be understood by referring to Figure 6-2(a). The top and bottom 
graphene layers are gated with opposite electric fields in this device structure. As a result, 
















































Figure 6-5. (a) THz time domain data truncated from 914.5 – 918.6 ps for 
R2, and the Vg = 0 V curve is indicated by the dashed arrow. (b) Data 
truncated from 919.9 – 923.2 ps for R3.  
 
FFT was performed on the R1 and R2 time domain results. In Figure 6-6(a), all the 
R1 curves overlap between 0.1 to 1.5 THz, and this confirms that the R1 peaks do not 
change with gate voltages. Figure 6-6(b) compares the time domain data between the top 
surface of quartz (red) and a THz gold mirror (black) at the same location. The mirror is 
assumed to be a perfect THz reflector (the reflectance is > 95%). The reflectivity of quartz 
(r1) is Eq/Em1, where Em1 is the reflected peak intensity from the mirror at the R1 position, 
and Eq is that from the quartz glass. Reflectance (R1) is r1
2
. By this simple calculation, the 
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Figure 6-6. (a) THz E-field strength from 0.1 to 1.5 THz for R1 at different 
gate voltages. (b) The reference THz signal (black), which was measured 
from a gold mirror at the same position as the interface corresponding to R1, 
while the red curve is an arbitrary curve selected from (a). 
 
Figure 6-7(a) shows the FFT results for the R2 time domain data in Figure 6-5(a). 
The reflected THz signal increases for all frequencies within the 0.1 to 1.5 THz range when 
the gate voltage increases, as indicated by the red dashed arrow. Although our experiment 
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demonstrates the tunable reflectance of graphene only up to 1.5 THz, the device is expected 
to work for the whole optical range where the photon energy is smaller than 2|EF|. Figure 6-
7(b) shows the minimum and maximum THz signals (Er), as well as the signal measured 
from a mirror at the optical position of R2 (Em2). Regardless of the loss in air and quartz, 
(1-R1)×R2×(1-R1)=(Er/Em2)
2
, where R2 is the reflectance from the top graphene layer 
interface (R2). From this estimation, R2 is found to be 33.4% at a gate voltage of 3 V, and 
0.79% at -0.3 V. This reflectance is substantial, considering that it can be attributed to only 
a single layer of graphene.  



















































Figure 6-7. (a) THz E-field strength for R2 at different gate voltages in the 
frequency domain (0.1 to 1.5 THz). (b) Three curves (black for mirror, red for 
Vg = 3 V, and green for Vg = -0.3 V), which were measured at the position of 
the interface for R2. 
 
6.4 Data analysis and theoretical modeling 
As mentioned earlier, the electrical tunability of the graphene reflectance is derived 
from the tuning of the graphene Fermi level. In Figure 6-8(a), the THz E-field strength of 
the R2 signal is normalized to the data at Vg = 0 V, and then averaged over 0.1 to 1.5 THz. 
Four schematic diagrams of the graphene Fermi level are shown in Figure 6-8(a), with 
labels. For schematic diagram in No. 1 (No. 4), high negative (positive) voltage is applied, 
the top graphene layer is highly n-doped (p-doped), and therefore, graphene has high 
conductivity due to the high number of available density of states. The schematic diagram 
No. 2 corresponds to the CNP, where the films have the lowest charge carrier density, 
minimum conductivity, and the lowest THz reflectance in Figure 6-5(a). Finally, the 
schematic diagram No. 3 corresponds to Vg = 0 V, where, due to the intrinsic p-doped 





























































Figure 6-8. Tunable reflectivity from the Fermi level alignment, and the 
supporting simulation results. (a) Normalized THz signal as a function of the 
gate voltage with schematic diagrams of the Fermi level in graphene. (b) The 
simulated relationship between reflection/transmission/absorption and 
graphene conductivity.  
 
The reflectance of graphene films in the THz range can be explained by the Drude 
model. By an optical transfer matrix, the absorption, transmission, and reflection of a 
graphene film can be related to its conductivity.
51, 132
 The detailed calculations have been 
discussed in chapter 5. As shown in Figure 6-8(b), the simulated reflection of a graphene 
film (highlighted by the red arrow) increases monotonically with its conductivity, which 
supports our experimental observation and it can also be further enhanced with the 
improvement of graphene quality.  
6.5 Discussion and summary 
In conventional THz mirrors, the metal coating layer thickness is required to be at 
least twice the skin depth δ, which is approximately 65 nm for a silver THz mirror.134  The 
skin depth (δ) is described by the equation135  
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1 /   
where μ is the absolute magnetic permeability of the material, ν the frequency of the optical 
beam and σ the DC conductivity of the metal. For a certain material, such as gold (σ = 4.1 × 
10
7
 S/m) or silver (σ = 6.3 × 107 S/m), as the wavelength increases, a higher DC 
conductivity is required for a high reflectivity. Specifically for 1 THz wave, the skin depth 
is about 70 nm, consequently, 140 nm coating is required for mirrors at 1 THz and above. 
Surprisingly, our study demonstrates that merely a single layer of graphene film can 
yield substantial reflection, which is promising for THz applications. Furthermore, the ionic 
liquid-based electrical gating enables spatially resolved THz engineering by simply 
patterning the graphene films.
136
 Analogous to the advent of liquid crystals in electronics
45, 
46
 over the past few decades, it is foreseeable that the devices proposed in this study will 
similarly pave the way for graphene applications in the THz range. Many devices, such as 
THz mirrors, deformable THz mirrors/modulators, variable THz beam splitters and even 
THz 3D imaging will benefit from the tunable reflectance of graphene. 
The ionic liquid gating on graphene films offers a large range within which the 
reflectance of graphene can be tuned. This is enabled by the unique conical band structure 
and high carrier mobility of graphene. For a reflectance of 33.4%, the required voltage is 
only 3 V, which is a consequence of the high gating efficiency of ionic liquid. Furthermore, 
transfer matrix calculations based on a Drude model can explain the mechanism of this 
tunability. Our unprecedented study of the tunable reflectance of graphene could lead to the 
utilization of other 2D Dirac materials for a wide range of THz applications, and enable the 
advanced control of THz waves.  
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Chapter 7:Conclusions and future works  
7.1 Conclusions  
Studies in the THz frequency range have initially lagged behind those of its 
neighbours in the EM spectrum. Nevertheless, there are substantial developments during 
past few decades. Various THz sources and detectors are currently available for high SNR 
THz spectroscopy. Many unique properties of THz waves have been intensively explored, 
and the results indicate great promise for a wide range of applications. For advanced THz 
wave applications, the development and improvement of the basic tunable THz 
components are of great importance (such as phase shifters, modulators and reflectors). 
Many different types of THz phase shifters and modulators have been investigated by 
others, however there is much space to improve these devices.  
Graphene has attracted a broad range of interests from both the scientific and 
commercial communities. The transmittance of graphene is outstanding at both visible and 
THz frequencies. The conical band structure with the Dirac point of graphene is unique, 
which enables its effective tunability of the Fermi level, and eventually tunable 
conductivity. Furthermore, graphene has high chemical stability and mechanical strength, 
which is important for practical applications. Utilizing the exceptional properties of 
graphene for THz devices is the motivation of this thesis.  
In this thesis, graphene was used for THz phase shifters, modulators, and reflectors.  
In the THz phase shifters, graphene was utilized as high quality transparent electrodes to 
control the effective refractive index of liquid crystals. An advantage from the new 
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structural design of the phase shifters is that both the device volume and control voltage 
decrease significantly. A 10.8° phase shift was achieved by a DC voltage less than 5 V. For 
THz modulators and reflectors, graphene not only plays the role as transparent electrodes, 
but also the key layer for THz wave manipulation. Utilizing a low voltage up to ±3 V, 83% 
THz power modulation was obtained from a mono-layer graphene based device while 99% 
modulation from a double-deck device. Furthermore, taking advantage of the mechanical 
flexibility of graphene, flexible THz modulators were demonstrated. The THz reflectors 
shared a similar device structure with the modulators, but the investigation was under a 
reflection configuration. Up to 33.4% reflection was observed from a single layer graphene 
film by electrical gating. The reflectance was substantial especially considering the 
ultrathin aspect of a single atomic layer film.  
These studies contribute to the development of key THz components for phase and 
amplitude modulation, which could greatly contribute to the diversification of THz 
applications. For instance, the new phase shifters with a simple sample structure, low 
control voltage and compact volumes pave the way toward THz array antennas which 
could enable the fast THz scan. Furthermore the phase control will be also important for 
THz super resolution imaging. The tunable THz modulators and reflectors can be used as 
variable THz beam splitters which have great importance in THz beam path control for a 
wide range of THz equipment, so that versatile applications will benefit from these new 
devices. The experimental methods and device structures in this thesis could be extended 
for a wide range of 2D material studies. 
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7.2 Future work 
The phase shift of the THz phase shifters was only up to 10.8°, whereas 45°, 90° or 
even larger phase shift is necessary for many applications. Many strategies to increase the 
phase shift have been proposed, such as building stacked structures, using new liquid 
crystal materials with a larger birefringence and increasing the liquid crystal cell thickness 
while maintaining the good liquid crystal alignment.     
The sandwiched device structure is applied in the most devices in this thesis. As 
emphasized in chapter 5, the device geometry provides an efficient scheme for electrical 
gating, not only for graphene, but also for many other 2D materials. The device structure is 
simple and the flat surface makes it suitable for optical studies. Furthermore, the electrical 
gating method in this thesis may apply to patterned-graphene-structures to tune the THz 
wave propagation, and the device response in the frequency domain.  
So far, the devices in this thesis are limited to “single pixel” structure, however 
taking advantage of the properties of the liquid crystals or ionic liquids, graphene films can 
be patterned into smaller units which can be controlled independently. By this method the 
spatial resolved THz devices are achievable. These proposals will work for all the devices 
studied in this thesis and will bring the THz modulation into the forefront of the next 
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